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Abstract
Altering gene expression regulation by promoter engineering is a very effective way to fine-
tune heterologous pathways in eukaryotic hosts. Typically, pathway building approaches in
yeast still use a limited set of long, native promoters. With the today’s introduction of longer
and more complex pathways, an expansion of this synthetic biology toolbox is necessary. In
this study we elucidated the core promoter structure of the well-characterized yeast TEF1
promoter and determined the minimal length needed for sufficient protein expression. Fur-
thermore, this minimal core promoter sequence was used for the creation of a promoter
library covering different expression strengths. This resulted in a group of short, 69 bp pro-
moters with an 8.0-fold expression range. One exemplar had a two and four times higher
expression compared to the native CYC1 and ADH1 promoter, respectively. Additionally, as
it was described that the protein expression range could be broadened by upstream activat-
ing sequences (UASs), we integrated earlier described single and multiple short, synthetic
UASs in front of the strongest yeast core promoter. This approach resulted to further varia-
tion in protein expression and an overall promoter library spanning a 20-fold activity range
and covering a length from 69 bp to maximally 129 bp. Furthermore, the robustness of this
library was assessed on three alternative carbon sources besides glucose. As such, the
suitability of short yeast core promoters for metabolic engineering applications on different
media, either in an individual context or combined with UAS elements, was demonstrated.
Introduction
The yeast Saccharomyces cerevisiae serves as an ideal platform organism for the economically
viable production of bulk and fine chemicals [1,2]. This however requires the introduction of
heterologous metabolic pathways and the fine-tuning of gene expression to find an optimal
balance within the production pathway, and between the host’s native metabolism and the
imbedded pathway. One effective way to alter and optimize metabolic pathways in yeast is
gene expression regulation at the level of transcription. Typically, the two main control ele-
ments in eukaryotic transcription are a gene’s promoter and its terminator. Terminators play
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an important role in controlling mRNA half-life, which has an important influence on the
enzyme output levels. Given their decisive role, native expression-enhancing terminators have
been intensively characterized and synthetic terminators improving heterologous gene expres-
sion have been developed [3–5]. Promoters on the other hand also have a very large impact on
gene expression levels and are as such one of the most important parts of the yeast synthetic
biology toolbox [6]. A selective group of native yeast promoters is broadly used [7–9], typically
representing constitutive and inducible promoters. Commonly used constitutive promoters
ensuring gene expression in all conditions are the TEF1, TDH3, CYC1 and ADH1 promoters
[10]. Inducible promoters on the other hand allow controllable expression and are activated
when desired. Regularly used are the GAL and CUP1 promoters, induced by galactose and
copper respectively [6]. In general, constitutive promoters are preferred due to some inherent
disadvantages of inducible promoters, such as lag time after induction, leaky expression and
potential high inducer costs or inducer toxicity.
The structure of eukaryotic promoters is well studied and they are generally divided in a
core promoter element and upstream regulatory elements (Fig 1) [11]. The 5’UTR sequence is
usually located after the core promoter and plays a major role in the eukaryotic translation ini-
tiation process [12–15]. The core promoter is the regulatory sequence to which RNA polymer-
ase II binds and where transcription is started [16–20]. Therefore, it is seen as a major
determinant of gene expression in yeast [17]. The length of the core promoter is typically
around 100–200 bp and contains a nucleosome free region to enhance access of the pre-initia-
tion complex (PIC) to the DNA. The PIC typically binds to the consensus TATA box and
scans the core promoter in search for a suitable transcription start site (TSS) [17]. Despite only
20% of the yeast genes contains a canonical TATA box [21], weaker TATA-like sequences dif-
fering up to 2 bp with the consensus are found in almost all yeast promoters and serve as bind-
ing sites for the PIC [16]. Though some TSS consensus sequences have been suggested, i.e.
RRYRR, TCRA, YAWR and A(Arich)5NYAWNN(Arich)6, to date no fixed TSS sequence in
yeast has been agreed on [16]. Generally, transcription is initiated 40 to 120 bp further down-
stream of the TATA box or the TATA-like sequence in case of TATA-less promoters
[16,17,22–24]. Core promoter activity was also observed to be higher with a pyrimidine rich
scanning region and an adenine enriched initiation region [17]. Upstream regulatory elements
are placed in front of the core promoter and typically contain one or more transcription factor
binding sites (TFBSs). These cis-acting regulatory DNA stretches recruit transcription factors
(TFs) interacting with one another and with the basal transcriptional systems to regulate pro-
moter activity [11]. As such, TFs can be repressors or activators of transcription and bind
either to their respective upstream repressive sequence (URS) or upstream activating sequence
(UAS) [25]. Promoter engineering strategies by both modulating the core promoter and
upstream regulatory DNA elements are thus very effective ways to alter a gene’s expression
and hence to balance biosynthetic pathways [26].
Many approaches for promoter engineering in yeast have already been developed [6,11].
Well-known pioneering examples altering constitutive gene expression are error-prone PCR,
hybrid promoter engineering and nucleosome affinity modulation. Error-prone PCR involves
the introduction of random mutations in an existing promoter sequence. This strategy led for
example to a 15-fold range promoter library of the popular TEF1 promoter [27,28]. In the
hybrid approach, the core promoter and UASs are seen as modular building blocks where a
core promoter can be combined with one or multiple (different) UASs to alter total promoter
activity [26,29]. Lastly, specific mutations suggested by predictive models decreased the nucle-
osome affinity in promoter sequences and resulted in a more open promoter structure,
improving the access of TFs and thus enhancing transcription [30]. Besides modifying the
native transcriptional machinery by mutagenesis, the introduction of heterologous and
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synthetic inducible TFs in front of yeast (core) promoters also showed to be very adequate in
controlling gene expression levels [31–37]. Promoters with a high variance within and across
different experiments are less interesting as these have a lower predictability and make their
use in heterologous pathways unfavorable. This can lead to unreliable product titers which is
far from optimal for use in industrial contexts. As such, this makes the robustness and repro-
ducibility of promoters an important element in today’s strain engineering and synthetic biol-
ogy [38,39]. Therefore, the use of heterologous regulatory parts has the advantage of not
interfering with the host’s native cellular regulation, i.e. orthogonality [37]. In addition, the
fact that these TFs can be induced (e.g. LexA-ER-AD TFs [31,33] and synthetic TFs based on
dCas9 and TALEs [34]), ensures the tightly control of (non-native) production pathways, even
in different environmental conditions. Likewise, hybrid promoter engineering by varying the
number of synthetic TFBSs for inducible TFs in front of the core promoter was very effective
to amplify the transcriptional output of the gene of interest [36,37].
Despite these promising reports though, the synthetic biology field of S. cerevisiae is still
hampered by the big length of its promoters. Indeed, native promoters in yeast typically span
ranges of hundreds of nucleotides, needed for the recruitment of the large RNA polymerase II.
Even when only the core promoter regions are considered in the construction of yeast syn-
thetic circuits, the lengths still vary between 150 and 200 base pairs [34,37]. Together with the
fact that every gene in eukaryotes needs its own promoter and terminator, the construction of
large biosynthetic pathways in yeast quickly becomes a laborious task. One way to solve this
bottleneck could be the use of short, viral promoters such as the bacteriophage T7 promoter
having a length of around 20 bp. Although the in vivo production of RNA transcripts with this
orthogonal system has been demonstrated in S. cerevisiae [40,41], it has some inherent disad-
vantages like the requirement of a heterologous expressed T7 RNA polymerase and the inabil-
ity of translating T7 transcripts due to the lack of a 7-methylguanosine cap which is necessary
to initiate translation. Therefore, the construction of short promoters that interact with the
native yeast RNA polymerase II is preferred. In addition, since most available and character-
ized yeast promoters used today in production pathways are based on native sequences [7,8],
the occurrence of homologous recombination between the different regulatory elements
within the heterologous pathway and with the genome is likely and finally will lead to strain
instability. Homologous recombination between parts is also a risk when multiple direct
repeats of TFBSs are used, for example to adjust the strength of gene expression [31,34]. It is
therefore recommended to use TFBSs differing in nucleotide sequence as much as possible
[37]. The fact on the other hand that a lot of described synthetic TFs need to be induced [31–
34] could also be seen as a disadvantage. Even though inducible systems allow very precisely
control of genetic circuits, the costly inducers make such systems rather elusive in industrial
environments.
Fig 1. Schematic representation of the structure of a yeast promoter. The yeast promoter is typically divided in upstream activating or repressive sequences (UAS/
URS, 1) and the core promoter region (2, 3 and 4). The pre-initiation complex (PIC) containing RNA polymerase II is recruited to the TATA box or a TATA-like
sequence (2) and scans (3) the core promoter to a suitable transcription start site (TSS, 4). Other depicted elements are the 5’ untranslated region (5’UTR, 5) and the
coding sequence (6).
https://doi.org/10.1371/journal.pone.0224476.g001
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These hurdles could be tackled by the design of short, constitutive synthetic yeast promoters
with a range of different strengths comparable to those of broadly used native constitutive pro-
moters [8]. Currently, the library with the shortest synthetic promoters reported is the one of
Redden et al. [42], with a length of around 120 bp. Preferably, they should be less than 100
nucleotides in length for easy incorporation in primers, enabling fast transcription unit (TU)
construction via PCR. As such, this study describes the development and characterization of a
set of short constitutive yeast core promoters. We first identified by way of truncation the min-
imal length needed for transcription initiation of the well-characterized TEF1 core promoter.
Next, a library of semi-synthetic yeast core promoters (< 70 bp) was constructed by randomi-
zation of this TEF1 minimal core promoter. Finally, this expression range was further
expanded by the insertion of existing synthetic upstream activating elements in front of the
strongest core promoter [42]. More specifically, these UASs are recognized by native yeast TFs
without the need of any induction and have different sequences to exclude any chance of
homologous recombination.
Material and methods
Unless otherwise stated, all products were purchased from Sigma-Aldrich (Diegem, Belgium),
all fragments were PCR purified using the innuPREP PCRpure Kit (Analytik Jena AG, Jena,
Germany), Circular Polymerase Extension Cloning (CPEC) [43] was used for the assembly of
all plasmids and plasmid extraction was performed with the innuPREP Plasmid Mini Kit
(Analytik Jena AG).
Strains and media
S. cerevisiae SY992 (Matα, ura3Δ0, his3Δ1, leu2Δ0, trp1-63, ade2Δ0, lys2Δ0, ADE8, Euroscarf,
University of Frankfurt, Germany [44]) was used as yeast expression host. All yeast strains
derived from this strain are listed in Table A in S1 File. Yeast cultures were grown in synthetic
defined (SD) medium consisting of 0.67% YNB without amino acids, a carbon source and
selective amino acid supplement mixture without uracil (CSM–URA, MP Biomedicals, Brus-
sel, Belgium). Unless otherwise stated, 2% glucose (Cargill, Sas van Gent, The Netherlands)
was the preferred carbon source for SD medium (SDG). Alternative carbon sources used were
fructose (SDF, Cargill), pyruvate (SDP) or glycerol (SDGlyc, Chem-lab Analytical, Zedelgem,
Belgium) with an equimolar C-content as 2% glucose. To solidify media, 2% Agar Noble
(Difco, Erembodegem, Belgium) was added.
Transformax™ EC100™ Electrocompetent Escherichia coli (Lucigen, Halle-Zoersel, Belgium)
was used for cloning procedures and for maintaining plasmids. E. coli strains were cultured in
Lysogeny Broth (LB) consisting of 1% tryptone-peptone (Difco), 0.5% yeast extract (Difco),
1% sodium chloride (VWR, Leuven, Belgium) and 100 μg/ml ampicillin. For solid growth
medium, 1% agar (Biokar diagnostics, Pantin Cedex, France) was added.
Plasmid construction
For the evaluation of the promoter libraries, five reference vectors with a yeast enhanced Cit-
rine (yECitrine) TU (pKT140, Euroscarf [45]) under the transcriptional control of the TEF1
[10], ADH1 [10], CYC1 [10], PGK1 [7] or TDH3 [10] promoter and the ADH1 terminator [45]
were constructed. yECitrine is a yellow-green fluorescent protein (FP) used a lot as reporter in
yeast synthetic biology experiments and has an excitation and emission wavelength around
500 and 530 nm respectively [46]. The TUs were assembled on an in-house low copy yeast
expression backbone consisting of a CEN6/ARS4 origin of replication (ori) and a URA3 auxo-
trophic marker (p2a backbone), resulting in the vectors pRef-pTEF1 (S1 Fig), pRef-pADH1,
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pRef-pCYC1, pRef-pPGK1 and pRef-pTDH3 (Table B in S1 File). All promoter and termina-
tor sequences were picked up from the S. cerevisiae SY992 genome with PrimeSTAR HS DNA
polymerase (Takara, Westburg, Leusden, The Netherlands). In addition, vector pRef-cpRed-
den1 containing the extra short synthetic core promoter 1 defined by Redden et al. [42], was
constructed as a reference as well. For its assembly, vector pRef-pTEF1 served as template and
the backbone was picked up with overlapping primers 1 and 2 containing the cpRedden1 core
promoter sequence (Table C in S1 File). Furthermore, pRef-TEF1 was used as template for the
construction of the truncated TEF1 core promoter library plasmids (Fig 2). The core promoter
sequence specified by Blazeck et al. [26] was shortened by ca. 20 bp per time through primers 3
to 20 containing overlap sequences for CPEC (Integrated DNA Technologies, Leuven, Bel-
gium, Table C in S1 File and S1 Fig). More specifically, the p2a backbone was split by primers
21 and 22 (Table C in S1 File). Two pieces CPEC, consisting of a part PCR-amplified by the
forward core promoter primer (primers 3 to 11 or primers 12 to 20) and primer 22, and a fixed
backbone part PCR-amplified by primer 21 and primer 23 or 24, was performed leading to
respectively p_UAS-cpTEF_1 to 9 and p_cpTEF_1 to 9.
Plasmid p_cpTEF_6, containing the 69 bp long minimal TEF1 core promoter, was used as
template for the construction of four TEF1 core promoter libraries. Four oligonucleotides
(primers 25 to 28) each containing 18 degeneracies (IDT, Table C in S1 File) and covering
together the whole length of the minimal core promoter were ordered (Fig 3). After plasmid
assembly, the distribution of degeneracies (ca. 25% of each nucleotide) was confirmed by
Sanger sequencing (EZ-Seq, Macrogen, Amsterdam, The Netherlands).
After screening of the randomized TEF1 core promoter libraries (see Fluorescence and
absorbance measurements), interesting candidates covering a wide range of protein expression
were Sanger sequenced (EZ-Seq, Macrogen) to elucidate their sequence. Further, UASs were
inserted in front of the strongest obtained core promoter by CPEC. UASA, UASC and UASFEC
[42] were all placed in front of cpTEF_6-I and cpRedden1, with the latter serving as a refer-
ence. As these synthetic upstream elements are very short in length, they could be easily
inserted in primers 29 to 40 for high fidelity PCR with p_cpTEF_6-I and p_cpRedden1 as tem-
plates (Table C in S1 File).
All plasmids and libraries were transformed in yeast SY992 via the lithium-acetate method
[47]. After transformation, strains were selected on SDG–URA plates and confirmed by yeast
colony PCR using Taq DNA polymerase (NEB, Bioke´, Leiden, The Netherlands). For library
evaluation, single colonies were randomly picked from agar plate and grown in 96-well micro-
titer plates (MTPs). An overview of all plasmids used and constructed in this study can be
found in Table B in S1 File.
Fluorescence and absorbance measurements
Fluorescence was used here as a measure of protein levels. Fluorescent proteins are optimized
and generally known to fold very well in bacteria and yeasts. As such, it is supposed that these
proteins are synthesized in a fully active form and that higher fluorescence levels correspond
to more production of the protein. Fluorescence as measure of protein abundance is also
widely accepted in the field of synthetic biology [15,26,42,48–50].
Four biological replicates were inoculated from agar plate in sterile 96-well flat-bottomed,
black microtiter plates (Greiner Bio-One, Vilvoorde, Belgium) enclosed by a Breathe-Easy1
sealing membrane (Sigma-Aldrich) containing 150 μl selective SD–URA medium with the
respective carbon source. These plates were incubated on a Compact Digital Microplate Shaker
(ThermoFisher Scientific, 3 mm orbit) at 800 rpm and 30˚C for 24h. Subsequently, these pre-
cultures were diluted 1:150 in 150 μl fresh selective SD–URA medium with the respective
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carbon source and grown in sterile polystyrene black μclear flat-bottomed 96 well plates (Grei-
ner Bio-One) for evaluation. Except for the randomized TEF1 core promoter library,
the μclear flat-bottomed plate cultures were evaluated in continuous growth experiments per-
formed in a TECAN Infinite1 200 PRO MTP reader (Tecan). Optical density (OD, 600 nm)
and fluorescence (FP, excitation and emission of yECitrine, 500 nm and 540 nm, respectively)
were measured every 15 min for minimum 50 hours at 30˚C (orbital shaking at 2 mm orbit).
For every strain, the endpoint OD was determined as the OD value after which three descend-
ing OD values were observed. This endpoint OD with its corresponding FP value were used
for further data analysis. For the evaluation of the randomized TEF1 core promoter library, an
endpoint OD and FP measurement was taken after 26h of growth (stationary phase) at 30˚C
while shaking at 800 rpm (Compact Digital Microplate Shaker, 3 mm orbit).
For analysis of fluorescence measurements, two types of controls were included in every
single MTP. A medium blank (i.e. SD–URA medium) was used for the correction of back-
ground absorbance of the medium (ODbg). sRef-bl lacking fluorescent protein expression and
containing p2a_empty was used to correct for the background fluorescence of yeast (FPbg).
Fluorescence corrected for OD was used as measure for fluorescent protein expression and cal-
culated as follows:
FP
OD
� �
corrected
¼
FP   FPbg
OD   ODbg
ð1Þ
Fig 2. Truncated TEF1 core promoter library. (A) Schematic overview of the TEF1 core promoter libraries with (UAS-cpTEF_x) and without (cpTEF_x) the
TEF1 UAS; x varies from 1 to 9. The sequence of the truncated TEF1 core promoters is given in Table D in S1 File. (B) yECitrine fluorescence obtained with
the truncated TEF1 core promoter libraries and four reference promoters. The values are given relative to s_UAS-cpTEF_1 (dark green, horizontal line)
representing the native TEF1 promoter (sRef-pTEF1). Error bars represent the standard error of the mean (n = 4, biological repeats).
https://doi.org/10.1371/journal.pone.0224476.g002
Fig 3. Strategy used for the construction of a minimal TEF1 core promoter library. Promoter cpTEF_6 was divided into four equal DNA tracts where for every
library 18 bp were randomized while the rest of the sequence remained unchanged. Library cpTEF_6-libD randomized also the first three base pairs of the TEF1
5’UTR.
https://doi.org/10.1371/journal.pone.0224476.g003
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The relative fluorescence was defined as follows:
Relative fluorescence %ð Þ ¼
FP
OD
  �
corrected
FP
OD
  �
corrected; ref
� 100 ð2Þ
Data analysis
Calculations were performed in Python using the Python Data Analysis Library (Pandas).
One-way ANOVA, executed in MS Excel, was used to determine intervariability between pro-
moters in the different growth experiments on glucose (Note: since fluorescence is not an
absolute measure, all data was therefore normalized to cpTEF_6 for every experiment). Error
bars represent the standard error of the mean (n = 4). Pairwise comparisons between different
strains were done by a two-sided T-test using the scipy.stats package in Python. In all cases, a
significance level of 0.05 was applied.
Results and discussion
The minimal TEF1 core promoter
For the development of minimal yeast core promoters, a yECitrine based fluorescent reporter
system to evaluate the altered promoter influence on gene expression was constructed. As a
starting point, the Saccharomyces cerevisiae TEF1 promoter, which is well described in litera-
ture [27,28] and is used a lot in yeast synthetic biology approaches [8,51–55], was used. Since
the TEF1 promoter has no canonical TATA box, the distinction between UAS and core pro-
moter is not straightforward. However, based on the categorization of Blazeck et al. [26], the
TEF1 promoter was divided in an UAS of 203 bp and a 176 bp long core promoter which starts
with the weaker TATA-like sequence AATAAAAA differing in only 1 nucleotide with the
TATA box consensus sequence TATA(A/T)A(A/T)(A/G) [21]. Furthermore, this core
promoter is followed by a 5’UTR of 33 bp [56,57]. In this study, the 176 bp long core promoter
served as template in the search of a minimal promoter sequence which was determined by
truncation of the 176 bp core promoter in steps of ca. 20 bp toward its 5’UTR. In addition, the
effect of the native UAS on minimal core promoter activity was investigated by developing two
sets of truncated promoters, one with and one without the UAS. As such, two libraries of nine
promoters with different lengths were constructed (Fig 2A).
Truncating the TEF1 core promoter led to an overall decrease in protein expression for
both libraries (Fig 2B), which was expected since the large RNA polymerase II complex needs
a long stretch of DNA for binding and stabilization [58]. However, the truncation of cpTEF_3
to cpTEF_4, which resulted in the complete deletion of a poly-dT stretch, caused an increase
in promoter activity. More specifically, from cpTEF_4 on, a complete stretch of 66 nucleotides
with 60.6% thymines was deleted compared to the original TEF1 core promoter. It is reported
that such long stretches of consecutive similar nucleotides have an influence on nucleosome
affinity. Especially the complement stretch, i.e. a poly-dA tract, disfavors nucleosome forma-
tion and thus promotes binding of regulatory promoter elements which enhances total pro-
moter activity [59–62]. In addition, poly-dA:dT tracts drive nucleosome positioning in the
promoter by creating boundaries against which nucleosomes are located [63]. It was indeed
observed that nucleosome organization was dramatically changed when a poly-dA:dT tract
with its upstream promoter region was deleted [63]. In general, poly-dA:dT tracts are very
influential parts crucial for accurate nucleosome organization and thus playing a determining
role in the structure of a yeast promoter. This makes them also interesting targets to modify
Modulating transcription through development of semi-synthetic yeast core promoters
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transcriptional regulation of gene expression. Hence, we suggest that this poly-dT removal in
the TEF1 core promoter could be a major cause of the sudden increase in yECitrine fluores-
cence. It is also noteworthy that the truncated library led to very short promoters with activities
higher than native long and weak yeast promoters. For example, cpTEF_5 existing of only 90
bp was 1.5-fold stronger than the 1500 bp long ADH1 promoter. This confirms (minimal) core
promoters as key determinants of gene expression levels [17].
Pairwise comparisons of the UAS-cpTEF_x and cpTEF_x strains showed only a significant
positive influence of the UAS on protein expression for strain s_UAS-cpTEF_6 (p = 6.73E-4)
and a significant negative effect for strains s_UAS-cpTEF_3 and s_UAS-cpTEF_9 (p = 0.013
and p = 0.008, respectively). This was somewhat surprising since the addition of an UASTEF1
in front of a truncated LEU promoter [26] significantly increased expression levels. However,
when taking in mind that the p-values of strains 1, 2 and 4 were very close to the significance
level (p� 0.05) and that others report similar results to ours in that respect that an extra CIT1
or CLB2 UAS in front of some synthetic core promoter elements also did not improve protein
expression [42], our results are in line with earlier observations. For the shortest core promoter
elements, UASTEF1 does not influence expression levels, presumably by the inability of RNA
polymerase II to bind, leading to complete failure of proper transcription initiation.
Altogether, since cpTEF_6 is the shortest core promoter giving rise to detectable transcrip-
tion (i.e. ca. 0.66-fold lower than the weak ADH1 and CYC1 promoters) and showing signifi-
cant activation by its UAS, this core promoter element was chosen for random library
construction.
Random TEF1 core promoter library
For the construction of a range of short core promoters in S. cerevisiae, a randomization
approach with degenerated oligo’s spanning the 69 bp long core promoter cpTEF_6 was used
(Fig 3). Both to allow us to capture positional effects of the randomization and to sample sig-
nificant quantities of the created variance, cpTEF_6 was divided into four DNA stretches of 18
base pairs. One stretch per library was degenerated, whereas the others were kept equal to the
native sequence. To ensure for every library the same space of possibilities, cpTEF_6-libD was
extended with the first three base pairs of the TEF1 5’UTR. Evaluation of these four libraries
could give an idea of the regions in cpTEF_6 that have a high influence on protein expression
and are interesting for further analysis. For example, a similar approach in evaluating the effect
of mutations in the AOX1 core promoter of Pichia pastoris showed that the TATA-box, the
region downstream of the TSS and the region near to the start codon had a significant influ-
ence on gene expression [64]. Furthermore, a library of 7536 unique 118 bp long core pro-
moter sequences gave a thorough insight in the regions that significantly affect core promoter
strength in S. cerevisiae [17]. The main disadvantage of our randomization approach to obtain
strong core promoters compared to the concept of Redden et al. [42], is the fact that our short
core promoters are not fully synthetic. Especially for the reason that homologies of 20 to 30 bp
are already sufficient to initiate homologous recombination in S. cerevisiae. Nevertheless,
homologies of 60 bp or more are needed for highly efficient homologous recombination which
is not the case for our promoters having a native part of around 50 bp.
From each library 94 colonies were randomly picked and evaluated for fluorescence (i.e.
yECitrine). sRef-bl and s_cpTEF_6 were taken along as references in every MTP. Histograms
of the four libraries revealed a small shift toward higher fluorescence levels for libraries cpTE-
F_6-libA and D (Fig 4, S2–S5 Figs, p-values when comparing the means for library A and D to
library C and B at least < 0.01). Both library A and D gave thus more rise to promoters with
higher strengths than the native cpTEF_6 compared to library B and C (12 and 13 versus 2 and
Modulating transcription through development of semi-synthetic yeast core promoters
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0). This indicates that both regions in the cpTEF_6 promoter are interesting to enhance tran-
scription levels. Library D, varied immediately in front of the 5’UTR, including in the TSS,
confirms that the region around the TSS is an important feature for initiation of mRNA tran-
scription. It has indeed been described that the scanning of RNA polymerase II in search of a
suitable TSS depends on its surrounding context [17,65–67]. A comparable result was also
seen in the AOX1 core promoter of P. pastoris, where mutations downstream the TSS affected
eGFP fluorescence [64]. Library A, varied at the 5’ end of the cpTEF_6 promoter sequence, is
positioned around 50 nucleotides away from the TSS. It has been reported that transcription
in S. cerevisiae is started 40 to 120 bp downstream of the TATA box or a TATA-like sequence
(in the case of pTEF1) and variation in this region alters core promoter activity [16]. As such,
novel TATA boxes or TATA-like sequences are possibly generated in library A of the minimal
core promoter, making it the ideal position to bind and compose the PIC and to subsequently
start transcription. Libraries cpTEF_6-libB and C are suggested to form a scanning region of
around 40 bp between the PIC binding place and the TSS and they seem to generate more pro-
moters with lower activity. This is plausible as the native cpTEF_6 spacer region is already
enriched in T and C (* 80%) and a T/C-rich scanning region was linked with higher expres-
sion levels [17].
Fig 4. Histograms of the four randomized cpTEF_6 libraries. For 94 randomly chosen colonies, yECitrine fluorescence was analyzed. The vertical line represents the
mean fluorescence (2645 ± 332.7 a.u., n = 4, biological repeats) of the native cpTEF_6 promoter.
https://doi.org/10.1371/journal.pone.0224476.g004
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As cpTEF_6-libA had a high potential to contain more high-expressing core promoters (e.
g. promoters with OD corrected fluorescence over 5000 a.u. were reached, Fig 4), 281 addi-
tional colonies were randomly selected and analyzed together with three biological repeats of
s_cpTEF_6 and sRef-bl. Analysis of fluorescence levels revealed a similar distribution pattern
as for the first 94 colonies analyzed (S6 Fig). Again, some very high expressing core promoters
were identified compared to the native sequence, a result which was not achieved by error-
prone PCR of the whole TEF1 promoter [28]. From all the screened colonies of cpTEF_6-libA,
four stronger and five weaker promoters covering the whole expression range were sampled
and used for further characterization. The promoter activity of this range of nine 69 bp long
core promoters was compared to five commonly used native yeast promoters, i.e. pADH1,
pCYC1, pTEF1, pPGK1 and pTDH3, and to the core promoter cpRedden1, which is one of the
shortest yeast core promoters currently reported [42] (Fig 5). Interestingly, the results show
that we obtained three promoters (s_cpTEF_6-G, H and I) having a 2.0 to 4.0-fold higher
strength than the native cpTEF_6 minimal core promoter (s_cpTEF_6) we started from.
When looking into detail in these three sequences, a clear appearance of a TATA-like sequence
differing in only 1 or 2 nucleotides from a real consensus TATA box (TATA(A/T)A(A/T)
(A/G) [21]) is visible (Table D in S1 File). Such TATA-like sequences could not be deter-
mined in the weaker s_cpTEF_6 core promoters. This is in line with the findings of Lubliner
et al. (2015) where it was observed that core promoters having a TATA box or a TATA-like
sequences gave rise to higher gene expression levels [17]. Also in other yeasts like P. pastoris, a
profound effect in promoter functionality was observed by mutating the TATA box [64]. In
addition, while using a promoter sequence of only 69 bp, cpTEF_6-G, H and I ranged from
equal to double expression levels compared to the weak CYC1 (287 bp) promoter. Also, these
three promoters are stronger than the yeast ADH1 promoter, having a length of 1461 bp. Com-
pared to the core promoter reported by Redden et al. (sRef_cpRedden1), having a length of
around 65 bp, our truncated cpTEF_6 had equal yECitrine levels. Since the lengths of both
core promoters are very similar, this could indicate the minimal stretch of DNA needed for
proper transcription initiation in yeast. Furthermore, after randomization in cpTEF_6, core
promoters transcending the strength of cpRedden1 were retrieved, even without upstream ele-
ments. Despite the fact that the native pTEF1 is still four times stronger than the short
cpTEF_6-I, the latter does have a reduction of 82% in sequence length. As such, the reported
set of promoters (Fig 5 and Table D in S1 File) shows that an adequate expression range
(8-fold) can be achieved using core promoter elements smaller than 70 bp and lacking any
UASs.
Although a set of nine minimal core promoters has been described before [42], the set
described in this study consists of short promoters, i.e. 69 bp, that are stronger than for exam-
ple the native CYC1 promoter (up to 2 times) without the need of UASs. In earlier observations
by Redden et al., an extra UAS had to be added to the core promoters to reach higher expres-
sion levels than the native CYC1 promoter, leading to promoters over the 100 bp in length
[42]. Additionally, this reduction in length without huge loss of promoter activity enlarges the
modularity of introducing yeast promoters in TUs via PCR. Together with the usage of short
terminators [4], this implies yeast TUs can now be assembled in one single PCR with the cod-
ing sequence of interest, whereas with native regulatory elements these parts must be picked
up first before assembly in a TU.
Still, the obtained promoter library of short core promoters shows a less broader expression
range compared to the earlier reported 15-fold TEF1 promoter library [28]. The main differ-
ence to our approach is that Nevoigt and coworkers varied the whole 412 bp long TEF1 pro-
moter (i.e. core promoter inclusive its UAS). As such, not only the sequence to bind RNA
polymerase II is altered, but also the sequence to recruit transcription factors which could
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consequently lead to extra variation in gene expression. Therefore, in the view to further
broaden our expression range, the influence of introducing extra UAS sequences in front of
the strongest yeast core promoter cpTEF_6-I was evaluated.
Expanding the expression range with synthetic UASs
In a next step, we applied hybrid promoter engineering to obtain stronger promoters and
broader expression ranges. Hybrid promoter engineering, with UAS elements serving as mod-
ular amplifiers in front of a core promoter, has proven to be an effective technique for the
enhancement of gene expression levels in yeast [26,29]. Also in front of synthetic minimal core
promoters, adding extra UASs further enhanced promoter strength to a range comparable of
the strongest yeast promoters [42]. In view of minimizing the total promoter length, three pre-
viously described, fully synthetic UAS elements of only 10 bp were selected: UASA, UASC and
UASFEC with the latter in fact an array of three synthetic UAS elements (Table E in S1 File)
[42]. The semi-synthetic cpTEF_6-I promoter, the strongest core promoter retrieved in this
study, was chosen as proof of principle to assess the potential of amplifying its promoter
strength by UASs. As a reference, all chosen UAS elements were also placed in front of cpRed-
den1. Since these synthetic UASs are only 10 bp in length, the assembly of these constructs is
strongly facilitated. More specifically, their sequence can be incorporated in primer extensions
to pick up core promoter parts which can be afterwards assembled in expression vectors or
integrated in the genome. In this study, CPEC [43] was preferred as assembly technique to
quickly introduce the different UASs in front of the core promoters.
Fig 5. Characterization of nine selected promoters from library cpTEF_6-libA. Protein expression levels were normalized against the native cpTEF_6 promoter (dark
green, horizontal line). Error bars represent the standard error of the mean (n = 4, biological repeats). All strains are listed in Table A in S1 File.
https://doi.org/10.1371/journal.pone.0224476.g005
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The effect of the different UAS elements on transcription initiation was evaluated by mea-
suring yECitrine fluorescence on SDG medium (Fig 6). To start with, it is noteworthy to men-
tion that fluorescence levels obtained with UASA have some divergent effects. Where
expression is controlled by core promoter cpRedden1, UASA has a significant amplifying
impact (1.4 times, p = 0.019) which was also seen in earlier observations [42]. Conversely, this
upstream element had a repressive effect when combined with cpTEF_6-I (p = 8.6E-5) since
fluorescence levels were almost halved. The fact that the same UAS in front of different core
promoters could have some different efficiencies was earlier demonstrated with the UAS of the
mitotic cyclin gene CLB2 [42]. On the other hand, UASC and UASFEC both significantly
increased the promoter activity for cpRedden1 by a factor 3.9 and 4.8 and for cpTEF_6-I by a
factor 1.5 and 2.5, respectively (p-values at least < 2.4E-5). In all cases, stronger promoters
than the reference promoters with cpRedden1 were achieved, however the impact of UASs on
the increase in promoter activity was smaller for cpTEF_6-I. These results reveal that the
degree of change in transcription levels is strongly dependent on the combination of a specific
UAS type with a specific core promoter. Furthermore, multiple UAS elements, i.e. UASFEC,
can certainly be used as modular building blocks to amplify transcription, but the magnitude
of their effect is difficult to predict. This confirms an important interplay between UASs and
core promoters where both must be compatible for the enhancement of transcription [25,68].
Nevertheless, UASFEC_cpTEF_6-I led overall to the highest expression, which was even a
factor 10 larger than the cpTEF_6 we initially started from. Even, this promoter, with a total
Fig 6. Overview of the effect on yECitrine expression of single (UASA, UASC) and multiple UASs (UASFEC). All UASs were placed in front of yeast core promoter
cpTEF_6-I. As a reference, all UASs were also placed in front of cpRedden1. Protein expression levels were normalized against the native cpTEF_6 promoter (dark
green, horizontal line). Error bars represent the standard error of the mean (n = 4, biological repeats). All strains are listed in Table A in S1 File.
https://doi.org/10.1371/journal.pone.0224476.g006
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promoter length of only 129 bp, showed almost a comparable activity to the native and strong
yeast TEF1 and PGK1 promoters. Considering these are bulky promoters with lengths of
respectively 379 [10] and 1257 bp [7], nearly an equal expression outcome was reached in
solely 34% and 10% of the total promoter length. As such, the total length of transcription
units could be drastically decreased. However, creating a promoter with strengths comparable
to the strongest yeast promoter pTDH3 was not possible. The yECitrine expression under con-
trol of UASFEC_cpTEF_6-I stranded at roughly 33%, yet it has a reduction of 80% in DNA
load. These observations are partially in agreement with the study of Redden et al. since their
final promoter also contributed to strong gene expression in only 20% of the pTDH3 DNA
space [42]. Despite, a promoter with a strength up to 70% of pTDH3 was reached which is
double as high as in our measurements. Modifying the 5’UTR sequence to obtain higher trans-
lation initiation rates [12–15] could further help here to obtain expression profiles similar to
the strong pTDH3. Nevertheless, the aim of obtaining stronger promoters using hybrid pro-
moter engineering was reached, as, with the exception of UASA_cpTEF_6-I, all hybrid pro-
moters obtained were stronger than the cpTEF_6-I promoter. In general, this study delivered a
semi-synthetic promoter library that spans an overall expression range on glucose medium
between about 53% and 1000% of the original 69 bp cpTEF_6 promoter.
With view on the accuracy of promoters across the different growth experiments on SDG
medium (Fig 2, Fig 5 and Fig 6), the variation of the reference yeast promoters and the most
promising promoter cpTEF_6-I was also evaluated. One-way ANOVA revealed that only the
native yeast promoters pTEF1 and pADH1 (p-value of 0.11 and 0.10, respectively) and our
novel semi-synthetic core promoter cpTEF_6-I (p = 0.98) led to reproducible fluorescence lev-
els between the independent growth experiments (Table F in S1 File). Especially all other tested
native promoters (i.e. pCYC1, pPGK1 and pTDH3) showed a lower chance of equal activities
under the same conditions (p-values at least < 9.15E-3). In this regard, pTEF1 and pADH1 are
trustworthy promoters on glucose for strong and weak gene expression respectively and are
preferred above pPGK1 and pCYC1 having comparable strengths.
Promoter evaluation on different carbon sources
Since it is known that the activity of yeast promoters can change on different carbon sources
[69,70], synthetic promoters can be seen as a valuable alternative for the creation of robust
hosts with reproducible transcriptional output, and substantially constant product titers. In
this view, the robustness of the semi-synthetic promoter library was assessed on synthetic
defined fructose, pyruvate and glycerol medium. Comparable to glucose, fructose is a ferment-
able carbon source directly entering the glycolytic pathway, while pyruvate and glycerol are
non-sugar carbon sources entering the cell via alternative pathways which often lead to varied
regulation at the transcriptional level [71].
In general, promoter activity on fructose (S7 Fig) resembles very well its activity on glucose
which seems logical as both substrates enter the glycolysis at the beginning. As such, it is less
likely that other pathways needed for proper growth are activated. The strong native yeast pro-
moters on pyruvate, which is the end product of the glycolysis, showed reduced yECitrine lev-
els relatively toward cpTEF_6 (e.g. 1500% compared to 3000% for pTDH3 on glucose, S8 Fig).
The fact that the glycolysis, where normally pTDH3 and pPGK1 are highly activated, is not
necessarily needed here to form pyruvate could be a main explanation for this phenomenon.
Nevertheless, the activity range of the semi-synthetic promoters (cpTEF_6-A to I) on SDP
medium where comparable when growing on SDG medium. Only for UASA and UASC, the
amplifying effect on promoter strength for cpTEF_6-I and cpRedden1 disappeared on pyru-
vate (S8 Fig), which is probably due to a different activation of transcription factors when
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using non-sugar substrates [71]. The largest difference in activity for the semi-synthetic pro-
moters was seen on glycerol (S9 Fig). cpTEF_6-I was only 2.5 times stronger of cpTEF_6 while
this promoter was up to 4 times stronger on the other media, and remarkably, all promoters of
Redden et al. [42] led to very low expression levels which was not observed on the other
media. Also here, the addition of UASA and UASC did not have a significant effect on yECi-
trine expression implying a different mechanism of transcription factor activation when
grown on non-sugar carbon sources.
Despite these subtle differences in expression strengths, the selected weak and strong pro-
moters from the semi-synthetic library on glucose (cpTEF_6-A to I) had in general an equal
behavior on the alternative media (Fig 5 and Fig 6 vs. S7 Fig, S8 Fig and S9 Fig). For example,
cpTEF_6-A was always one of the weakest and cpTEF_6-H was always one of the strongest
promoters independent from the medium. In addition, synthetic core promoter cpTEF_6-I
and its derivatives led in all cases to the highest gene expression compared to the other mem-
bers of the library. As a result, UASFEC_cpTEF_6-I can be seen as an absolute short and robust
promoter alternative for pTEF1 and pPGK1. Since synthetic promoters are less subjected to
intracellular regulation, this library could as such be seen as an ideal tool for pathway engineer-
ing in industrial yeast production strains under different environmental conditions.
Conclusion
In this study, the well-characterized TEF1 promoter was truncated to elucidate its minimal
core promoter and to enable the design of short functional yeast promoters. Six of the nine
truncated promoters remained functional, even without the addition of an UAS and a 69 bp
long TEF1 minimal core promoter, cpTEF_6, was determined. Randomization of this core
promoter sequence revealed influential regions at its 5’ and 3’ ends, respectively suggesting a
location of the PIC region and confirming the importance of the region around the TSS. This
randomization approach led to short semi-synthetic yeast promoters with a very reproducible
output (cfr. cpTEF_6-I) compared to commonly used native promoters. Furthermore, an
increasing number of UASs in front of this core promoter gradually enhanced transcription,
however, no stronger protein expression could be achieved as with the pTDH3 which is less
good compared to similar work by Redden et al. where 70% was reached of the total pTDH3
strength [42]. On the other hand, our work revealed very short core promoters (~70 bp) with
expression profiles in line of pCYC1 and pADH1, and outperforming the strengths of the core
promoters from Redden et al. [42], even when using different carbon sources besides glucose.
Accordingly, the strongest promoters in both studies had a length of roughly 120–130 bps.
This indicates it is almost impossible to attain promoters existing of less than 120 nucleotides
and having similar performances of the strongest yeast promoters. Therefore, the combination
with other regulatory parts like (synthetic) terminators [3,4], also affecting transcription, and
5’UTRs [12–15], which influence translation initiation, also needs consideration in transcrip-
tion unit design. In future work, incorporating upstream elements and core promoters in stan-
dardized Golden Gate vectors could further contribute to a plug-and-play assembly system
comparable to VEGAS [72]. By doing so, different UASs in front of a chosen core promoter
can be quickly combined to obtain (short) yeast promoters with a desired expression strength.
Also investigating the genomic stability of the semi-synthetic core promoters will be necessary
as stable regulatory parts are a critical requirement for metabolic engineering applications.
Altogether, this study demonstrated the possibility of short yeast promoter libraries, of
which the expression range can be expanded with UASs, to function as full transcriptional reg-
ulators. As a result, a usable promoter library validated in four different media with lengths
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not exceeding 130 bp and having a 20-fold expression range is available for yeast metabolic
engineering purposes.
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and 22 in order of occurrence. For the p_cpTEF plasmids, the UASTEF1 sequence in front of
the core promoter was not present.
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S2 Fig. Scatter plot of random core promoter library cpTEF_6-libA. The horizontal line
represents the mean fluorescence corrected for OD of the native cpTEF_6 which was grown as
biological triplicate. Error bars representing the standard error are a consequence of OD cor-
rection with biological triplicates of sRef-bl and the medium.
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S3 Fig. Scatter plot of random core promoter library cpTEF_6-libB. The horizontal line rep-
resents the mean fluorescence corrected for OD of the native cpTEF_6 which was grown as
biological triplicate. Error bars representing the standard error are a consequence of OD cor-
rection with biological triplicates of sRef-bl and the medium.
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S4 Fig. Scatter plot of random core promoter library cpTEF_6-libC. The horizontal line rep-
resents the mean fluorescence corrected for OD of the native cpTEF_6 which was grown as
biological triplicate. Error bars representing the standard error are a consequence of OD cor-
rection with biological triplicates of sRef-bl and the medium.
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S5 Fig. Scatter plot of random core promoter library cpTEF_6-libD. The horizontal line
represents the mean fluorescence corrected for OD of the native cpTEF_6 which was grown as
biological triplicate. Error bars representing the standard error are a consequence of OD cor-
rection with biological triplicates of sRef-bl and the medium.
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S6 Fig. Scatter plot of random core promoter library cpTEF_6-libA for 281 randomly cho-
sen colonies. The horizontal line represents the mean fluorescence corrected for OD of the
native cpTEF_6 which was grown as biological triplicate. Error bars representing the standard
error are a consequence of OD correction with biological triplicates of sRef-bl and the
medium.
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S7 Fig. Characterization of yeast strains carrying the fluorescence reporter yECitrine
under control of various novel synthetic yeast promoters when cultivated in minimal
medium with fructose as carbon-source. Protein expression levels were normalized against
the native cpTEF_6 promoter (dark green, horizontal line). Error bars represent the standard
error of the mean (n = 4, biological repeats). All strains are listed in Table A in S1 File.
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S8 Fig. Characterization of yeast strains carrying the fluorescence reporter yECitrine
under control of various novel synthetic yeast promoters when cultivated in minimal
medium with pyruvate as carbon-source. Protein expression levels were normalized against
the native cpTEF_6 promoter (dark green, horizontal line). Error bars represent the standard
error of the mean (n = 4, biological repeats). All strains are listed in Table A in S1 File.
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S9 Fig. Characterization of yeast strains carrying the fluorescence reporter yECitrine
under control of various novel synthetic yeast promoters when cultivated in minimal
medium with glycerol as carbon-source. Protein expression levels were normalized against
the native cpTEF_6 promoter (dark green, horizontal line). Error bars represent the standard
error of the mean (n = 4, biological repeats). All strains are listed in Table A in S1 File.
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ANOVA to investigate the yECitrine variability of the native and synthetic promoters.
(PDF)
Acknowledgments
The authors wish to thank Tom Delmulle and Dries Duchi for their help with the laboratory
work regarding the expansion of the semi-synthetic core promoters with synthetic UASs and
the promoter library evaluation on different carbon sources.
Author Contributions
Conceptualization: Thomas Decoene, Sofie L. De Maeseneire, Marjan De Mey.
Data curation: Thomas Decoene.
Supervision: Sofie L. De Maeseneire, Marjan De Mey.
Writing – original draft: Thomas Decoene.
Writing – review & editing: Sofie L. De Maeseneire, Marjan De Mey.
References
1. Jullesson D, David F, Pfleger B, Nielsen J. Impact of synthetic biology and metabolic engineering on
industrial production of fine chemicals. Biotechnol Adv. 2015; 33: 1395–402. https://doi.org/10.1016/j.
biotechadv.2015.02.011 PMID: 25728067
2. Nielsen J, Keasling JD. Engineering Cellular Metabolism. Cell. 2016; 164: 1185–1197. https://doi.org/
10.1016/j.cell.2016.02.004 PMID: 26967285
3. Curran K a., Karim AS, Gupta A, Alper HS. Use of expression-enhancing terminators in Saccharomyces
cerevisiae to increase mRNA half-life and improve gene expression control for metabolic engineering
applications. Metab Eng. 2013; 19: 88–97. https://doi.org/10.1016/j.ymben.2013.07.001 PMID:
23856240
4. Curran K a., Morse NJ, Markham K a., Wagman AM, Gupta A, Alper HS. Short, Synthetic Terminators
for Improved Heterologous Gene Expression in Yeast. ACS Synth Biol. 2015; 4: 824–32. https://doi.org/
10.1021/sb5003357 PMID: 25686303
5. MacPherson M, Saka Y. Short Synthetic Terminators for Assembly of Transcription Units in Vitro and
Stable Chromosomal Integration in Yeast S. cerevisiae. ACS Synth Biol. 2016; 6: 130–138. https://doi.
org/10.1021/acssynbio.6b00165 PMID: 27529501
6. Redden H, Morse N, Alper HS. The synthetic biology toolbox for tuning gene expression in yeast.
FEMS Yeast Res. 2015; 15: 1–10. https://doi.org/10.1111/1567-1364.12188 PMID: 25047958
Modulating transcription through development of semi-synthetic yeast core promoters
PLOS ONE | https://doi.org/10.1371/journal.pone.0224476 November 5, 2019 17 / 21
7. Sun J, Shao Z, Zhao H, Nair N, Wen F, Xu JH, et al. Cloning and characterization of a panel of constitu-
tive promoters for applications in pathway engineering in Saccharomyces cerevisiae. Biotechnol
Bioeng. 2012; 109: 2082–2092. https://doi.org/10.1002/bit.24481 PMID: 22383307
8. Lee ME, DeLoache WC, Cervantes B, Dueber JE. A Highly-characterized Yeast Toolkit for Modular,
Multi-part Assembly. ACS Synth Biol. 2015; 4: 975–986. https://doi.org/10.1021/sb500366v PMID:
25871405
9. Da Silva N a., Srikrishnan S. Introduction and expression of genes for metabolic engineering applica-
tions in Saccharomyces cerevisiae. FEMS Yeast Res. 2012; 12: 197–214. https://doi.org/10.1111/j.
1567-1364.2011.00769.x PMID: 22129153
10. Mumberg D, Mu¨ller R, Funk M. Yeast vectors for the controlled expression of heterologous proteins in
different genetic backgrounds. Gene. 1995; 156: 119–122. https://doi.org/10.1016/0378-1119(95)
00037-7 PMID: 7737504
11. Blazeck J, Alper HS. Promoter engineering: recent advances in controlling transcription at the most fun-
damental level. Biotechnol J. 2013; 8: 46–58. https://doi.org/10.1002/biot.201200120 PMID: 22890821
12. Decoene T, Peters G, De Maeseneire S, De Mey M. Toward predictable 5’UTRs in Saccharomyces cer-
evisiae: Development of a yUTR calculator. ACS Synth Biol. 2018. https://doi.org/10.1021/acssynbio.
7b00366 PMID: 29366325
13. Petersen SD, Zhang J, Lee JS, JakočiJakoˇJakoči T, Grav LM, Kildegaard HF, et al. Modular 5-UTR
hexamers for context-independent tuning of protein expression in eukaryotes. Nucleic Acids Res. 2018;
1–11. https://doi.org/10.1093/nar/gkx1156
14. Cuperus J, Groves B, Kuchina A, Rosenberg AB, Jojic N, Fields S, et al. Deep learning of the regulatory
grammar of yeast 5’ untranslated regions from 500,000 random sequences. Genome Res. 2017; 27:
2015–2024. https://doi.org/10.1101/gr.224964.117 PMID: 29097404
15. Dvir S, Velten L, Sharon E, Zeevi D, Carey LB, Weinberger A, et al. Deciphering the rules by which 5 0
-UTR sequences affect protein expression in yeast. PNAS. 2013; 110: e2792–801. https://doi.org/10.
1073/pnas.1222534110 PMID: 23832786
16. Lubliner S, Keren L, Segal E. Sequence features of yeast and human core promoters that are predictive
of maximal promoter activity. Nucleic Acids Res. 2013; 41: 5569–5581. https://doi.org/10.1093/nar/
gkt256 PMID: 23599004
17. Lubliner S, Regev I, Lotan-Pompan M, Edelheit S, Weinberger A, Segal E. Core promoter sequence in
yeast is a major determinant of expression level. Genome Res. 2015; 25: 1008–1017. https://doi.org/
10.1101/gr.188193.114 PMID: 25969468
18. Danino YM, Even D, Ideses D, Juven-Gershon T. The core promoter: at the heart of gene expression.
Biochim Biophys Acta—Gene Regul Mech. 2015; 1847: 1116–31. https://doi.org/10.1016/j.bbagrm.
2015.04.003 PMID: 25934543
19. Ede C, Chen X, Lin M-Y, Chen YY. Quantitative Analyses of Core Promoters Enable Precise Engineer-
ing of Regulated Gene Expression in Mammalian Cells. ACS Synth Biol. 2016; 5: 395–404. https://doi.
org/10.1021/acssynbio.5b00266 PMID: 26883397
20. Portela RMC, Vogl T, Kniely C, Fischer JE, Oliveira R, Glieder A. Synthetic core promoters as universal
parts for fine-tuning expression in different yeast species. ACS Synth Biol. 2017; 6: 471–484. https://
doi.org/10.1021/acssynbio.6b00178 PMID: 27973777
21. Basehoar AD, Zanton SJ, Pugh BF. Identification and distinct regulation of yeast TATA box-containing
genes. Cell. 2004; 116: 699–709. https://doi.org/10.1016/s0092-8674(04)00205-3 PMID: 15006352
22. Hampsey M. Molecular Genetics of the RNA Polymerase II General Transcriptional Machinery. Micro-
biol Mol Biol Rev. 1998; 62: 465–503. PMID: 9618449
23. Butler JEF, Kadonaga JT. The RNA polymerase II core promoter: a key component in the regulation of
gene expression. Genes Dev. 2002; 16: 2583–2592. https://doi.org/10.1101/gad.1026202 PMID:
12381658
24. Mcmillan J, Lu Z, Rodriguez JS, Ahn T, Lin Z. YeasTSS : an integrative web database of yeast transcrip-
tion start sites. Database. 2019; 2019: 1–12. https://doi.org/10.1093/database/baz048 PMID:
31032841
25. Hahn S, Young ET. Transcriptional regulation in saccharomyces cerevisiae: Transcription factor regula-
tion and function, mechanisms of initiation, and roles of activators and coactivators. Genetics. 2011;
189: 705–736. https://doi.org/10.1534/genetics.111.127019 PMID: 22084422
26. Blazeck J, Garg R, Reed B, Alper HS. Controlling promoter strength and regulation in Saccharomyces
cerevisiae using synthetic hybrid promoters. Biotechnol Bioeng. 2012; 109: 2884–2895. https://doi.org/
10.1002/bit.24552 PMID: 22565375
Modulating transcription through development of semi-synthetic yeast core promoters
PLOS ONE | https://doi.org/10.1371/journal.pone.0224476 November 5, 2019 18 / 21
27. Alper H, Fischer C, Nevoigt E, Stephanopoulos G. Tuning genetic control through promoter engineer-
ing. Proc Natl Acad Sci U S A. 2005; 102: 12678–12683. https://doi.org/10.1073/pnas.0504604102
PMID: 16123130
28. Nevoigt E, Kohnke J, Fischer CR, Alper H, Stahl U, Stephanopoulos G. Engineering of promoter
replacement cassettes for fine-tuning of gene expression in Saccharomyces cerevisiae. Appl Environ
Microbiol. 2006; 72: 5266–5273. https://doi.org/10.1128/AEM.00530-06 PMID: 16885275
29. Blazeck J, Liu L, Redden H, Alper H. Tuning gene expression in yarrowia lipolytica by a hybrid promoter
approach. Appl Environ Microbiol. 2011; 77: 7905–7914. https://doi.org/10.1128/AEM.05763-11 PMID:
21926196
30. Curran K a Crook NC, Karim AS, Gupta A, Wagman AM, Alper HS. Design of synthetic yeast promoters
via tuning of nucleosome architecture. Nat Commun. 2014; 5: 4002. https://doi.org/10.1038/
ncomms5002 PMID: 24862902
31. Ottoz DSM, Rudolf F, Stelling J. Inducible, tightly regulated and growth condition-independent transcrip-
tion factor in Saccharomyces cerevisiae. Nucleic Acids Res. 2014; 42: e130. https://doi.org/10.1093/
nar/gku616 PMID: 25034689
32. Mcisaac RS, Gibney PA, Chandran SS, Benjamin KR, Botstein D. Synthetic biology tools for program-
ming gene expression without nutritional perturbations in Saccharomyces cerevisiae. Nucleic Acids
Res. 2014; 42: e48. https://doi.org/10.1093/nar/gkt1402 PMID: 24445804
33. Mcisaac RS, Oakes BL, Wang X, Dummit KA, Botstein D, Noyes MB. Synthetic gene expression pertur-
bation systems with rapid, tunable, single-gene specificity in yeast. Nucleic Acids Res. 2013; 41: e57.
https://doi.org/10.1093/nar/gks1313 PMID: 23275543
34. Machens F, Balazadeh S, Bernd M-R, Katrin M. Synthetic Promoters and Transcription Factors for Het-
erologous Protein Expression in Saccharomyces cerevisiae. Front Bioeng Biotechnol. 2017; 5. https://
doi.org/10.3389/fbioe.2017.00063 PMID: 29098147
35. Lian J, HamediRad M, Sumeng H, Huimin Z. Combinatorial metabolic engineering using an orthogonal
tri-functional CRISPR system. Nat Commun. 2017; 8: 1–9. https://doi.org/10.1038/s41467-016-0009-6
36. Rantasalo A, Landowski CP, Kuivanen J, Korppoo A, Reuter L, Koivistoinen O, et al. A universal gene
expression system for fungi. Nucleic Acids Res. 2018; 46: e111. https://doi.org/10.1093/nar/gky558
PMID: 29924368
37. Rantasalo A, Kuivanen J, Penttila¨ M, Ja¨ntti J, Mojzita D. A synthetic toolkit for complex genetic circuit
engineering in S. cerevisiae. ACS Synth Biol. 2018. https://doi.org/10.1021/acssynbio.8b00076 PMID:
29750501
38. Lucks JB, Qi L, Whitaker WR, Arkin AP. Toward scalable parts families for predictable design of biologi-
cal circuits. Curr Opin Microbiol. 2008; 11: 567–573. https://doi.org/10.1016/j.mib.2008.10.002 PMID:
18983935
39. Decoene T, De Paepe B, Maertens J, Coussement P, Peters G, De Maeseneire SL, et al. Standardiza-
tion in synthetic biology: an engineering discipline coming of age. Crit Rev Biotechnol. 2018; 38: 647–
656. https://doi.org/10.1080/07388551.2017.1380600 PMID: 28954542
40. Dower K, Rosbash M. T7 RNA polymerase-directed transcripts are processed in yeast and link 30 end
formation to mRNA nuclear export. Rna. 2002; 8: 686–697. https://doi.org/10.1017/
s1355838202024068 PMID: 12022234
41. Benton BM, Eng WK, Dunn JJ, Studier FW, Sternglanz R, Fisher PA. Signal-mediated import of bacteri-
ophage T7 RNA polymerase into the Saccharomyces cerevisiae nucleus and specific transcription of
target genes. Mol Cell Biol. 1990; 10: 353–360. https://doi.org/10.1128/mcb.10.1.353 PMID: 2403641
42. Redden H, Alper HS. The development and characterization of synthetic minimal yeast promoters. Nat
Commun. 2015; 6: 7810. https://doi.org/10.1038/ncomms8810 PMID: 26183606
43. Quan J, Tian J. Circular polymerase extension cloning of complex gene libraries and pathways. PLoS
One. 2009; 4: e6441. https://doi.org/10.1371/journal.pone.0006441 PMID: 19649325
44. Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, Hieter P, et al. Designer deletion strains derived
from Saccharomyces cerevisiae S288C: A useful set of strains and plasmids for PCR-mediated gene
disruption and other applications. Yeast. 1998; 14: 115–132. https://doi.org/10.1002/(SICI)1097-0061
(19980130)14:2<115::AID-YEA204>3.0.CO;2-2 PMID: 9483801
45. Sheff M a., Thorn KS. Optimized cassettes for fluorescent protein tagging in Saccharomyces cerevi-
siae. Yeast. 2004; 21: 661–670. https://doi.org/10.1002/yea.1130 PMID: 15197731
46. Shaner NC, Steinbach P a, Tsien RY. A guide to choosing fluorescent proteins. Nat Methods. 2005; 2:
905–909. https://doi.org/10.1038/nmeth819 PMID: 16299475
47. Gietz RD, Schiestl RH. Quick and easy yeast transformation using the LiAc/SS carrier DNA/PEG
method. Nat Protoc. 2007; 2: 35–37. https://doi.org/10.1038/nprot.2007.14 PMID: 17401335
Modulating transcription through development of semi-synthetic yeast core promoters
PLOS ONE | https://doi.org/10.1371/journal.pone.0224476 November 5, 2019 19 / 21
48. Salis HM, Mirsky E a, Voigt C a. Automated design of synthetic ribosome binding sites to control protein
expression. Nat Biotechnol. 2009; 27: 946–50. https://doi.org/10.1038/nbt.1568 PMID: 19801975
49. Bonde MT, Pedersen M, Klausen MS, Jensen SI, Wulff T, Harrison S, et al. Predictable tuning of protein
expression in bacteria. Nat Methods. 2016; 13: 233–236. https://doi.org/10.1038/nmeth.3727 PMID:
26752768
50. Weenink T, Mckiernan RM, Ellis T. Rational Design of RNA Structures that Predictably Tune Eukaryotic
Gene Expression. BioRxiv. 2017; http://dx.doi.org/10.1101/137877.
51. Li S, Si T, Wang M, Zhao H. Development of a Synthetic Malonyl-CoA Sensor in Saccharomyces cere-
visiae for Intracellular Metabolite Monitoring and Genetic Screening. ACS Synth Biol. 2015; 4: 1308–
1315. https://doi.org/10.1021/acssynbio.5b00069 PMID: 26149896
52. Siddiqui MS, Thodey K, Trenchard I, Smolke CD. Advancing secondary metabolite biosynthesis in
yeast with synthetic biology tools. FEMS Yeast Res. 2012; 12: 144–170. https://doi.org/10.1111/j.1567-
1364.2011.00774.x PMID: 22136110
53. Jensen NB, Strucko T, Kildegaard KR, David F, Maury J, Mortensen UH, et al. EasyClone: method for
iterative chromosomal integration of multiple genes in Saccharomyces cerevisiae. FEMS Yeast Res.
2014; 14: 238–248. https://doi.org/10.1111/1567-1364.12118 PMID: 24151867
54. David F, Nielsen J, Siewers V. Flux control at the malonyl-CoA node through hierarchical dynamic path-
way regulation in Saccharomyces cerevisiae. ACS Synth Biol. 2016; 5: 224–233. https://doi.org/10.
1021/acssynbio.5b00161 PMID: 26750662
55. Jendresen CB, Stahlhut SG, Li M, Gaspar P, Siedler S, Frster J, et al. Highly Active and Specific Tyro-
sine Ammonia-Lyases from Diverse Origins Enable Enhanced Production of Aromatic Compounds in
Bacteria and Saccharomyces cerevisiae. Appl Environ Microbiol. 2015; 81: 4458–4476. https://doi.org/
10.1128/AEM.00405-15 PMID: 25911487
56. Nagalakshmi U, Wang Z, Waern K, Shou C, Raha D, Gerstein M, et al. The transcriptional landscape of
the yeast genome defined by RNA sequencing. Science. 2008; 320: 1344–1349. https://doi.org/10.
1126/science.1158441 PMID: 18451266
57. Tuller T, Ruppin E, Kupiec M. Properties of untranslated regions of the S. cerevisiae genome. BMC
Genomics. 2009; 10: https://doi.org/10.1186/1471-2164-10-391 PMID: 19698117
58. Cramer P, Cramer P, Bushnell DA, Kornberg RD. Structural Basis of Transcription : RNA Polymerase II
at 2. 8 Ångstrom Resolution. Science (80-). 2001; 1863: 1863–1877. https://doi.org/10.1126/science.
1059493 PMID: 11313498
59. Segal E, Widom J. Poly(dA:dT) tracts: major determinants of nucleosome organization. Curr Opin
Struct Biol. 2009; 19: 65–71. https://doi.org/10.1016/j.sbi.2009.01.004 PMID: 19208466
60. Raveh-Sadka T, Levo M, Shabi U, Shany B, Keren L, Lotan-Pompan M, et al. Manipulating nucleosome
disfavoring sequences allows fine-tune regulation of gene expression in yeast. Nat Genet. 2012; 44:
743–750. https://doi.org/10.1038/ng.2305 PMID: 22634752
61. Zeevi D, Sharon E, Lotan-pompan M, Lubling Y, Shipony Z, Raveh-sadka T, et al. Compensation for dif-
ferences in gene copy number among yeast ribosomal proteins is encoded within their promoters.
Genome Res. 2011; 21: 2114–2128. https://doi.org/10.1101/gr.119669.110 PMID: 22009988
62. Levo M, Segal E. In pursuit of design principles of regulatory sequences. Nat Rev Genet. 2014; 15:
453–68. https://doi.org/10.1038/nrg3684 PMID: 24913666
63. Jansen A, Van Der Zande E, Meert W, Fink GR, Verstrepen KJ. Distal chromatin structure influences
local nucleosome positions and gene expression. Nucleic Acids Res. 2012; 40: 3870–3885. https://doi.
org/10.1093/nar/gkr1311 PMID: 22241769
64. Portela R M. C., Vogl T, Ebner K, Oliveira R, Glieder A. Pichia pastoris alcohol oxidase 1 (AOX1) core
promoter engineering by high resolution systematic mutagenesis. Biotechnol J. 2018; 13.
65. Zhang Z, Dietrich FS. Mapping of transcription start sites in Saccharomyces cerevisiae using 50 SAGE.
Nucleic Acids Res. 2005; 33: 2838–2851. https://doi.org/10.1093/nar/gki583 PMID: 15905473
66. Chen W, Struhl K. Yeast mRNA initiation sites are determined primarily by specific sequences, not by
the distance from the TATA element. EMBO J. 1985; 4: 3273–80. PMID: 3912167
67. Hahn S, Hoar ET, Guarente L. Each of three “TATA elements” specifies a subset of the transcription ini-
tiation sites at the CYC-1 promoter of Saccharomyces cerevisiae. Proc Natl Acad Sci U S A. 1985; 82:
8562–8566. https://doi.org/10.1073/pnas.82.24.8562 PMID: 3001709
68. Li XY, Bhaumik SR, Zhu X, Li L, Shen WC, Dixit BL, et al. Selective recruitment of TAFs by yeast
upstream activating sequences: Implications for eukaryotic promoter structure. Curr Biol. 2002; 12:
1240–1244. https://doi.org/10.1016/s0960-9822(02)00932-6 PMID: 12176335
69. Partow S, Siewers V, Bjørn S, Nielsen J, Maury J. Characterization of different promoters for designing
a new expression vector in Saccharomyces cerevisiae. Yeast. 2010; 27: 955–964. https://doi.org/10.
1002/yea.1806 PMID: 20625983
Modulating transcription through development of semi-synthetic yeast core promoters
PLOS ONE | https://doi.org/10.1371/journal.pone.0224476 November 5, 2019 20 / 21
70. Peng B, Williams TC, Henry M, Nielsen LK, Vickers CE. Controlling heterologous gene expression in
yeast cell factories on different carbon substrates and across the diauxic shift: A comparison of yeast
promoter activities. Microb Cell Fact. 2015; 14: 1–11. https://doi.org/10.1186/s12934-014-0183-3
71. Turcotte B, Liang XB, Robert F, Soontorngun N. Transcriptional regulation of nonfermentable carbon
utilization in budding yeast. FEMS Yeast Res. 2016; 10: 2–13. https://doi.org/10.1111/j.1567-1364.
2009.00555.x.Transcriptional
72. Mitchell L a., Chuang J, Agmon N, Khunsriraksakul C, Phillips N a., Cai Y, et al. Versatile genetic
assembly system (VEGAS) to assemble pathways for expression in S. cerevisiae. Nucleic Acids Res.
2015; 43: 6620–30. https://doi.org/10.1093/nar/gkv466 PMID: 25956652
Modulating transcription through development of semi-synthetic yeast core promoters
PLOS ONE | https://doi.org/10.1371/journal.pone.0224476 November 5, 2019 21 / 21
